Iron-doped carbon xerogels were prepared using sol-gel synthesis, with potassium-2,4-dihydroxybenzoate and formaldehyde as starting materials, followed by an ion exchange step. The obtained samples were characterized (XRD, FTIR, SED-EDX, TEM) and investigated as catalysts in heterogeneous Fenton and catalytic wet air oxidation (CWAO) processes. Experiments were conducted in the same conditions (0.1 g catalysts, 25 mL of 100 mg/L dye solution, 25 • C, initial solution pH, 3 h) in thermostated batch reaction tubes (shaking water bath, 50 rpm) at atmospheric pressure. A series of three cationic dyes were considered: Brilliant green (BG), crystal violet (CV), and methyl green (MG). Dyes and TOC removal efficiencies up to 99% and 92%, respectively, were obtained, in strong correlation with the iron content of the catalyst. Iron content measured in solution at the end of the reaction, indicated that its amount was less than 2 ppm for all tested catalysts. ChemEngineering 2019, 3, 61 2 of 14 iron-loaded ZSM-5 [7], Fe/AC [8], supported manganese porphyrins [9], iron or copper supported on clay, alumina, zeolite, activated carbon, carbon nanotubes, carbon nanofibers, graphene, silica, silica xerogel, and sepiolite [1,10]; CWAO on Ni/Mg-Al oxides [11-13], activated carbon [14], nitrogen-doped carbon nanotubes [15], active Pt and Ru [16], Fe 2 O 3 -CeO 2 -TiO 2 /γ-Al 2 O 3 [17], Zn 1.5 PMo 12 O 40 nanotube [18], CuO/γ-Al 2 O 3 [19]; photocatalytic degradation on cerium-and iron-doped TiO 2 [20], copper-doped TiO 2 [21], strontium-doped TiO 2 [22], TiO 2 nanoparticles immobilized on activated carbon and natural clay [23], Ni-DMG/ZSM-5 [24], sodium bismuthate visible light photocatalysis [25]; microwave catalytic oxidation over CuO@AC, CuO-CeO 2 @AC [26], CoFe 2 O 4 [27,28], NiFe 2 O 4 [29] were reported. The design of new and improved catalysts that can be successfully (high total organic carbon efficiencies) used in wastewater treatment processes such as heterogeneous Fenton and mild conditions CWAO has attracted scientist's attention over the last decades. Carbon xerogels, activated and metal-doped, have properties (controllable porosity, thermal stability, high specific surface area) [30] that can be capitalized in the removal of organic pollutants from wastewater. There are not many studies that considered carbon xerogel usage in wastewater treatment processes. Carbon xerogels were tested as adsorbents for caffeine, diclofenac [31], Orange II, and Chromotrope 2R [32]. Activated carbon xerogels [32], activated carbon xerogels-chitosan composite [33], iron-cobalt-doped magnetic carbon xerogels [34], nitrogen-and phosphorus-doped carbon xerogel [35], nickel-doped carbon xerogel [36] , and ceria nanorods loaded on carbon xerogel [37] were tested in WPO of dyes and nitrophenols. 30, 38] , Ce-, Fe-, Ni-, and Zn-doped carbon xerogel catalysts [5, 30] were tested for phenol CWAO, while mesoporous carbon xerogel was tested for wet oxidation of aniline and nitro-aromatic compounds [39, 40] . Carbon xerogel-Nb 2 O 5 composite proved to exhibit photocatalytic properties towards visible light degradation of methylene blue [41], while Feand Mn-doped carbon xerogels demonstrated catalytic activity for dichlorobenzene ozonation [42] .
Introduction
Wet air oxidation (WAO) and wet peroxide oxidation (WPO) are two wastewater treatment methods used to effectively remove (mineralize) high concentrations of persistent, toxic, and nonbiodegradable organic pollutants [1] . WAO takes place at elevated temperatures and pressures using gaseous oxygen or air as oxidant [2] . In contrast, WAO in presence of a solid catalyst, catalytic wet air oxidation (CWAO), decreases the severity of the operating conditions, increases efficiency, and reduces the cost of the process [2] [3] [4] . Although conducted under milder conditions, majority of the CWAO studies report usage of temperatures and pressures up to 250 • C and 8 MPa, respectively, and use pure oxygen or high purity air as oxidizing agent [2, 5] . Classic WPO, homogeneous Fenton, uses Fe 2+ and H 2 O 2 to efficiently reduce the organic load of wastewaters. Although the process is very efficient and fast, it has a few disadvantages: It is only efficient at 2-4 pH, iron salt will remain in solution upon process completion, and a high amount of Fe 2+ and H 2 O 2 is required [1] . All these disadvantages can be overcome by using the heterogeneous process, in which Fe 2+ is supported on a porous matrix.
Dyes are important water pollutants, which are discharged from textile, printing, paper, plastics, food, and leather industries. Dyes containing wastewater has strong color, high pH, high oxygen demand, and low biodegradability, and therefore is difficult to treat using conventional methods (e.g. biological methods) [2] . Various catalysts and combination of degradative/oxidative processes were reported for dye removal from wastewater, some of them are listed below. WPO on mixed iron oxides [6] , 
Catalysts Synthesis
Iron-doped carbon xerogel samples were prepared using a sol-gel method modified (washing steps) after Plesa Chicinas et al., 2018 [5] . The main steps involved in the process were as follows: (1) Potassium-2,4-dihydroxybenzoate was obtained from 2,4-dihydroxybenzoic acid and K2CO3, (2) polycondensation reaction with formaldehyde was conducted using K2CO3 as a catalyst, (3) organic gel obtained was washed with ethanol, (4) K + ions from the organic gel were replaced with Fe 3+ ions, (5) iron-doped gel was dried in air, and finally (6) iron-doped gel was pyrolyzed in inert atmosphere. A blank carbon xerogel (CX) sample and five iron-doped carbon xerogel (Fe-CX) samples were prepared as described in Table 1 . 
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Catalysts Characterization
X-ray diffraction (XRD) data were collected with a Rigaku-Americas Miniflex II Powder Diffractometer (Rigaku Americas Corporation, The Woodlands, TX, USA) using CuKα radiation. The diffractograms were recorded from 4 • to 80 • in 2θ. The analytic conditions were: 30 kV, 15 mA, with a step size of 0.020 • and a step time of 5 s. Fourier Transform Infrared Spectroscopy (FTIR) analyses were performed on KBr pellets (2 mg sample in 200 mg KBr). Spectra were obtained using a JASCO 4100 FTIR spectrometer (JASCO Corporation, Tokyo, Japan), operating between 400-4000 cm −1 with 2 cm −1 resolution.
Scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDX) analyses were performed using a Hitachi SU8230 High-Resolution Scanning Electron Microscope (Hitachi Ltd., Tokyo, Japan) equipped with a cold field emission gun. For morphological analysis, the samples were deposited on aluminum stubs and coated with a 10 nm gold layer. Energy dispersive X-ray spectra and chemical maps for the elements were acquired using an Oxford Instruments EDX System (X-Max N 80 Silicon Drift Detector, Oxford Instruments, Abingdon, UK).
Transmission electron microscopy analyses were performed using a Hitachi HD-2700 (Hitachi Ltd., Tokyo, Japan) scanning transmission electron microscope (STEM), equipped with a cold field emission gun, working at an acceleration voltage of 200 kV and designed for high-resolution (HRTEM) imaging with a resolution of 0.144 nm. A drop of suspension of each sample was deposited and dried on a copper grid coated by a thin carbon film prior to the electron microscopy analysis.
Heterogeneous Fenton and Catalytic Wet Air Oxidation Processes
Fe-CX catalysts were tested using glass tubes placed on a rack in a precision shaking water bath, at 25 ± 0.1 • C and 50 rpm (Thermo Scientific SWB15, Thermo Scientific, Waltham, MA, USA).
Heterogeneous Fenton experiments were conducted using 0.1 g catalysts (<212 µm to minimize diffusional limitations), 25 mL of 100 mg/L dye solution, 25 • C, initial solution pH 5.5-6, and 0.5 mL H 2 O 2 . The oxidation conditions were maintained for 3 h. Two blank tests were also carried out: (a) H 2 O 2 and no catalyst, (b) no H 2 O 2 and Fe-CX(4) catalyst.
CWAO experiments were carried out in the same conditions, with H 2 O 2 being replaced by air at a flow rate of 300 mL/min. Experiments were conducted at ambient pressure. Two blank tests were run for this process: (a) Air and no catalyst and (b) no air and Fe-CX(4) catalyst.
All experiments were carried out in triplicate (±1% reproducibility), the hereafter discussed data being averaged values. pH values recorded at the end of the oxidation process were slightly higher but below 6.5.
The evolution of dye oxidation process was evaluated by means of efficiency (E and E TOC , %), calculated as dye concentration and total organic carbon (TOC) values, obtained for the initial and final solution (Equation (1)). Dye concentrations in solutions were determined using a UV-Vis, Genesys 50 spectrophotometer (Thermo Scientific, Waltham, MA, USA), calibration curve 2-10 mg/L, and the following maximum UV-Vis absorption wavelengths: λ BG = 625 nm, λ CV = 584 nm, λ MG = 631 nm. Absorption spectra of reaction intermediates were collected in 200-800 nm range using the same spectrophotometer. Total organic carbon (TOC) analyses were performed using a Shimadzu Corporation TOC-L Analyzer (Shimadzu Scientific Instrumets, Columbia, MD, USA). Prior to analyses, the solution was centrifuged for 20 min at 4500 rpm.
Iron concentration in solution at the end of the oxidation processes was measured using an inductively coupled plasma optical emission spectrometer (ICP-OES) Perkin Elmer Optical 2100DV (Perkin Elmer Inc., Waltham, MA, USA). Prior to analysis, samples were acidified with HNO 3 1:1 solution and filtered using 0.45 µm PET syringe filters.
Results and Discussion

Catalysts Characterization
Diffraction patterns from three iron-doped carbon xerogel catalysts (Fe-CX) are presented in Figure 2 . In each case, three phases were identified; graphite (JCPDS 75-1621), iron ferrite (JCPDS 06-0696), and a cohenite (Fe 3 C) phase (JCPDS 34-001). At least one other unidentified phase is present (unidentified peak located at 51.3 • ). Diffraction from the graphite 002 planes occurred at 26.23 • in 2 θ. This peak was used to scale the intensities of the three datasets for comparative purposes. Elemental iron was present in the xerogel catalyst in two phases, a cubic iron ferrite phase and an orthorhombic cohenite iron carbide phase indicating reduction of Fe 3+ during the pyrolysis process. The iron ferrite phase was identified by diffraction from the 110 and 200 sets of planes (diffracted peaks at 44.67 • and 65.02 • in 2θ, respectively). These peaks are denoted with a dotted line in Figure 2 . Notice, relatively weak diffraction from the graphite 101 planes overlap that from the iron ferrite 110 planes (44.36 • ). The cohenite iron carbide phase is identified by the 102, 211, 112, and 221 planes located at 43.74 • , 42.86 • , 45.85 • , and 49.10 • , respectively. Iron-doped carbon xerogel catalyst Fe-CX(1) represents a base line diffraction pattern where the sample was washed with ethanol and underwent ion exchange for the addition of Fe 3+ before pyrolysis. Catalyst Fe-CX(2) underwent a 72 h washing with water before ion exchange while, Fe-CX(4), underwent a 72 h washing after ion exchange but before pyrolysis, Table 1 . The ordering of the washings proved to be very significant and demonstrated large variations in the iron content of the resulting catalyst. The XRD data show a significant increase in the iron ferrite content in the diffractogram for Fe-CX(2) with an accompanying decrease of the iron carbide content. The diffractogram for Fe-CX(4) indicates a significant decrease of the iron ferrite component (when looking at the diffractogram, it should be remembered that diffraction from the graphite 101 planes overlaps that from the iron ferrite 110 planes). In this sample, the iron carbide content is also substantially reduced.
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The 2000-4000 cm −1 spectral range presented in Figure 3b is clearly dominated, in the carbon xerogel sample, by a strong band located at 3198 cm −1 , with two shoulders at around 3000 and 3452 cm −1 . After iron doping, the last mentioned band became the most prominent in the spectra while the first two are hidden under a broad envelope. The band at 3450 cm −1 might be assigned to residual -OH groups from the gel precursors and adsorbed water [31, 46] . The bands at 2852 and 3002 cm −1 were associated with asymmetric and symmetric vibrations of aliphatic and aromatic structures [46] . Infrared bands, which build up the broad band with a metacenter at 2294 cm −1 , were assigned to −C≡C− triple bond [5] . units are expected. Starting with the less energetic vibrations in 650-750 cm −1 range, two narrow signals can be noticed, located at ~670 and ~702 cm −1 . On the right side of these bands, a broad and less intense envelope appeared. This more energetic spectral domain is composed of two signals, one located at 782 cm −1 and the other one at ~818 cm −1 . The [650-850] cm −1 spectral domain was attributed to the aromatic ring in particular to C-H bond vibrations [5, 31] . More energetically Lorentzian band at 886 cm −1 was ascribed to stretching vibration of C−H bonds, which seems to have similar length and surroundings within the rigid structure of carbon xerogel [31, 43] . Two intense vibrations located at 1375 and 1443 cm −1 and a shoulder at 1473 cm −1 connected to the last vibration belong all to bonds linked to aromatic rings [5, 44] . After iron doping, all the above-mentioned bands disappeared under a broad infrared envelope. An interesting behavior was observed for the band at 1730 cm −1 related to carboxyl in esters group; more precisely, to the stretching vibration of υ(C=O) [44] [45] [46] in [COO]-K as obtained during synthesis process that cannot be found in the iron-doped samples.
The 2000-4000 cm −1 spectral range presented in Figure 3b is clearly dominated, in the carbon xerogel sample, by a strong band located at 3198 cm −1 , with two shoulders at around 3000 and 3452 cm −1 . After iron doping, the last mentioned band became the most prominent in the spectra while the first two are hidden under a broad envelope. The band at 3450 cm −1 might be assigned to residual -OH groups from the gel precursors and adsorbed water [31, 46] . The bands at 2852 and 3002 cm −1 were associated with asymmetric and symmetric vibrations of aliphatic and aromatic structures [46] . Infrared bands, which build up the broad band with a metacenter at 2294 cm −1 , were assigned to −C≡C− triple bond [5] .
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In the 400-2000 cm −1 range, Figure 3a , absorption bands appear at 670, 702, 795, 886, 1059, 1375, 1443, 1473, 1580, 1740 cm −1 for CX sample. Most of these bands are narrow and reveal an organized structure inside the carbon xerogel CX. In this range, vibrations related to carbon and functional units are expected. Starting with the less energetic vibrations in 650-750 cm −1 range, two narrow signals can be noticed, located at~670 and~702 cm −1 . On the right side of these bands, a broad and less intense envelope appeared. This more energetic spectral domain is composed of two signals, one located at 782 cm −1 and the other one at~818 cm −1 . The [650-850] cm− 1 spectral domain was attributed to the aromatic ring in particular to C-H bond vibrations [5, 31] . More energetically Lorentzian band at 886 cm −1 was ascribed to stretching vibration of C−H bonds, which seems to have similar length and surroundings within the rigid structure of carbon xerogel [31, 43] .
Two intense vibrations located at 1375 and 1443 cm −1 and a shoulder at 1473 cm −1 connected to the last vibration belong all to bonds linked to aromatic rings [5, 44] . After iron doping, all the above-mentioned bands disappeared under a broad infrared envelope. An interesting behavior was observed for the band at 1730 cm −1 related to carboxyl in esters group; more precisely, to the stretching vibration of υ(C=O) [44] [45] [46] in [COO]-K as obtained during synthesis process that cannot be found in the iron-doped samples.
SEM-EDX analyses on carbon xerogel and iron-doped carbon xerogel samples revealed the strong connection between the synthesis procedure, specifically washing steps (Table 1) , and iron content of the final sample. For CX sample, a porous carbon matrix (Figure 4a ) with elements originating from the inorganic and organic precursors used for synthesis were identified (Figure 4b and Table 2 ).
As potassium was replaced with iron during the ion exchange step, several differences were observed. Samples Fe-CX(1) and Fe-CX(2) have a similar average iron content as no water washing step was included after the ion exchange process, 7.0% and 7.3%, respectively ( Table 2) . This difference might be attributed to an improved ion exchange process, for Fe-CX(2), as it took place on a water prewashed organic gel (Table 1) . For Fe-CX(3) sample, which synthesis included two water washing steps, before and after the ion exchange process, average surface iron content dropped to less than half ( Table 2 ). In the case of Fe-CX(4) and Fe-CX(4.1) samples, where water washing was performed only after the ion exchange process, iron content dropped significantly ( Table 2) . SEM-EDX iron maps presented in Figure 4 for Fe-CX(2) and Fe-CX(4.1) samples show iron distribution on the surface and the decreased content in Fe-CX(4.1) correlated with the synthesis steps discussed above.
TEM images presented in Figure 5 for Fe-CX(2) and Fe-CX(4) reveal how iron is imbedded in the carbon (graphite) matrix as well as the decreased amount in Fe-CX(4) sample.
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Dyes Oxidation Tests
Iron-doped carbon xerogel samples, prepared as described above, were tested in heterogeneous Fenton and CWAO processes. Experiments were conducted in the same conditions (see Section 2.4) for BG, CV, and MG dyes. The obtained results are presented in Figures 6-8 for heterogeneous Fenton and Figures 9-11 for CWAO (for UV-Vis spectra, *indicates a dilution coefficient of 10). E and ETOC (%) values are very well correlated with the iron content, decreasing with the amount of iron in the catalysts. Dye removal efficiencies up to 99% were obtained for all dyes and for both oxidation processes. In terms of total organic carbon efficiencies, the highest values were in the 50%-65% range for heterogeneous Fenton and in the 66%-92% range for CWAO. The CWAO results are very promising as the reaction took place under atmospheric pressure and at only 25 °C. The general trend observed was: Highest efficiencies for Fe-CX(1), Fe-CX(2), and Fe-CX(3) and between the three of them, for Fe-CX(2), the highest efficiency was recorded in most of the cases, in correlation with iron content (Table 2 ). For heterogeneous Fenton process, both E and ETOC % efficiency values decrease in the following order: MG > BG > CV for Fe-CX(2) catalyst. In the case of CWAO, E % values are very close to each other for the three dyes, 98.3%-98.8%, while ETOC % values decrease in the following order: BG > MG > CV.
In terms of oxidation process evolution, UV-Vis spectra indicated that chemical composition of the reaction mass changed dramatically as absorption maxima shifts from the visible region towards UV region as non-colored reaction intermediates start to form, especially in the case of heterogeneous Fenton. As maximum absorption peaks at 625, 584, and 631 nm for BG, CV, and MG, respectively, decreased drastically by the end of the oxidation process, a new absorption maximum was recorded in 200-250 nm region. In the case of MG, a second, higher absorption peak was recorded at about 375 nm. For the CWAO process, organic content considerably dropped, as shown in both UV and visible regions, with best results for BG and MG dyes. 
Iron-doped carbon xerogel samples, prepared as described above, were tested in heterogeneous Fenton and CWAO processes. Experiments were conducted in the same conditions (see Section 2.4) for BG, CV, and MG dyes. The obtained results are presented in Figures 6-8 for heterogeneous Fenton and Figures 9-11 for CWAO (for UV-Vis spectra, *indicates a dilution coefficient of 10). E and E TOC (%) values are very well correlated with the iron content, decreasing with the amount of iron in the catalysts. Dye removal efficiencies up to 99% were obtained for all dyes and for both oxidation processes. In terms of total organic carbon efficiencies, the highest values were in the 50%-65% range for heterogeneous Fenton and in the 66%-92% range for CWAO. The CWAO results are very promising as the reaction took place under atmospheric pressure and at only 25 • C. The general trend observed was: Highest efficiencies for Fe-CX(1), Fe-CX(2), and Fe-CX(3) and between the three of them, for Fe-CX(2), the highest efficiency was recorded in most of the cases, in correlation with iron content ( Table 2) . For heterogeneous Fenton process, both E and E TOC % efficiency values decrease in the following order: MG > BG > CV for Fe-CX(2) catalyst. In the case of CWAO, E % values are very close to each other for the three dyes, 98.3%-98.8%, while E TOC % values decrease in the following order: BG > MG > CV.
Iron Leakage
Iron content was measured at the end of the reaction (3 h) for both processes. For heterogeneous Fenton process, most concentration values were under the limit of detection (LOD = 0.023 ppm) for the ICP-OES instrument used. For Fe-CX(1) and Fe-CX(2) samples, iron concentrations were under the limit of quantification (LOQ = 0.057 ppm). In the case of CWAO process, iron concentrations ranging from 0.100 to 1.644 ppm were recorded with the highest values for Fe-CX(1) and Fe-CX(2) catalysts.
Conclusions
Several iron-doped xerogel catalysts were successfully prepared. XRD, FTIR, SEM-EDX, and TEM investigations showed that iron as iron ferrierite and cohenite was imbedded in a carbon graphite matrix. The iron amount in the xerogel samples was strongly dependent upon the synthesis conditions, especially the water washing steps. The highest amount of iron was obtained for Fe-CX(2) sample when water was used to wash the organic gel prior to the ion exchange process. When water was used to wash the organic gel after the ion exchange process, the amount of iron drastically decreased, affecting the catalysts performances. Heterogeneous Fenton and CWAO results, E and E TOC % efficiencies obtained for all considered dyes, are in direct correlation with iron content.
Further investigations will consider optimum reaction conditions identifications, catalyst lifetime, and reuse, as well as mechanistic aspects of the oxidation processes. 
